The monochromator beamline at the FLASH facility at DESY is the worldwide first XUV monochromator beamline operational on a free electron laser (FEL) source. Being a single-user machine, FLASH demands a high flexibility of the instrumentation to fulfil the needs of diverse experiments performed by a multidisciplinary user community. Thus, the beamline has not only been used for high-resolution spectroscopy that it was originally designed for, but also for pump-probe experiments controlling the temporal-spectral properties at moderate resolution, and as a filter for high harmonics of the FEL at very low resolution. The present performance and capabilities of the beamline are discussed with emphasis on particularities arising from the nature of the FEL source, and current developments are presented aiming to enhance its capabilities for accommodating a wide variety of experiments.
Introduction

FLASH (Free electron LASer in Hamburg) is a single-pass free electron laser (FEL)
based on self-amplified spontaneous emission (SASE) (1, 2) . Since 2005 FLASH, the worldwide first FEL working in the extended ultraviolet (XUV) range, has been operated as a user facility. FLASH provides pulses of coherent radiation with pulse durations down to femtoseconds and pulse energies of tens to hundreds of microjoules. The wavelength of the fundamental falls in the range 4.2 -47 nm, the typical bandwidth is 1%. Higher frequency harmonics extend the wavelength range to below 1 nm. Up to now FLASH has been a single-user facility allowing only a limited number of experiments. At the same time, the diversity of the pioneering experiments that were chosen to be performed is very large, ranging from atomic physics through materials science to biological applications, and the experiments diverge not only with respect to the materials investigated but also with regard to the applied techniques.
Such versatility demands highly flexible instrumentation and beamlines. The diversity of user needs is much wider than usual for a synchrotron beamline. In addition to standard parameters like resolving power and throughput, the timing structure became of importance for certain applications. Thus, the monochromator beamline at FLASH exploits the full range of its capabilities from an ultimately high resolution to a maximum throughput mode of operation. From the point of view of the instrument one can sort the experiments performed at this beamline in the following way: (i) High resolution applications. These experiments profit from the ultimately high brilliance of FLASH which enables for the first time "photon hungry" experiments demanding a high resolution in the XUV range. Examples are low-cross section experiments like inelastic scattering or resonant fluorescence spectroscopy of highly charged ions (3) . The average brilliance of the source is of main importance for most of such applications, therefore high repetition rate FELs such as FLASH which is based on superconducting accelerator technology, are the proper choice. At high resolution, however, the FEL pulses become elongated to the picosecond range. (ii)
Experiments demanding a moderate resolution, but better than the inherent FEL bandwidth, mainly for time-resolved studies using pump-probe techniques. Time-and angle-resolved photoemission spectroscopy is one of the applications aiming to control the temporal-spectral resolution of the monochromator. (iii) Experiments demanding extremely high throughput and minimal temporal elongation of pulses (extremely low resolution) in order to provide filtering of higher frequency harmonics of the FEL (see for example the coherent magnetic scattering experiment using the 5 th harmonic of the FLASH radiation (4))
The present paper discusses the actual status of the monochromator beamline at FLASH with emphasis on particularities arising from the properties of the SASE FEL source, e.g. temporal and statistical properties, and presents current developments aiming to further enhance its capabilities for accommodating a wide variety of experiments.
Beamline overview
The monochromator is a plane grating monochromator of SX-700 type proposed by Petersen (5) . The SX-700 mount is characterized by a fixed focus constant, cff=cosβ/cosα, where β is the angle of diffraction and α is the angle of incidence on the grating. Both the source point and the exit slit position are fixed in space for all photon energies when the cff-value is fixed. The introduction of a plane mirror positioned before the grating allows to vary the included angle on the grating and thus to keep the cff value fixed when the wavelength is changed, so that the geometry of the beamline before and after the mirror -grating pair stays unchanged. In addition, the concept of operating in collimated light allows keeping the image point fixed for different cff values (6) . This design has become very popular in the soft X-ray regime since it provides high flexibility and allows a free choice of compromise between flux and resolution while working with the same grating.
Details of the design of the monochromator beamline at FLASH can be found in (7) . The beamline comprises two branches: PG1 and PG2. The PG1 branch is permanently equipped with a double Raman spectrometer and the PG2 branch provides beam for user experiments of different types. The Raman spectrometer has been designed for high-resolution resonant inelastic scattering experiments and is currently in the commissioning phase. The PG2 branch has been operational for users since 2005.
We will now present the different modes of monochromator operation and their key parameters.
High resolution mode
The monochromator has been designed to be capable of providing a resolving power of 10.000 -70.000 depending on photon energy range and grating in use (7).
The standard method for characterizing the resolution of synchrotron XUV beamlines is based on photoionization or absorption measurements behind the monochromator exit slit. In the case of a SASE FEL light amplification starts from shot noise in the electron beam, thus shot-to-shot fluctuations in the spectral distribution are inherent to FLASH radiation (8) . Consequently, scanning of the monochromator over a resonance appears to be more complicated for a SASE FEL source than for a synchrotron beamline, and demands stable SASE operation during the scanning time (i.e. long-term stability) and / or reference intensity measurements behind the exit slit. While the applicability of photoionization measurements behind the monochromotor exit slit at FLASH is currently under investigation and optimization, another method for resolution measurements has been used extensively.
The method is based on absorption measurements with the monochromator operated in the spectrometer mode. In this way scanning is avoided, and the information on the whole spectral region of the resonance can be acquired on a single shot basis. This type of measurements does not take into account the influence of an exit slit. The spectrometer mode has the advantage that data acquisition is less time-consuming than in the monochromator mode; in our case less than 5 minutes acquisition time were needed to measure the average spectral distribution.
For the absorption measurements of the PG2 beamline in spectrometer mode (9) the gas filled attenuator (a 15m long windowless volume located between the undulator and the first optical element (10) Since resonances for n≥6 are characterized by widths below 1.3 meV we attribute the measured width of several meV to the resolution of the monochromator (without applying a deconvolution procedure). The resolution of the 200 l/mm grating operating in first diffraction order with cff=3 was estimated in this way; the result is presented in Fig.1b . The resulting resolution of about 4.2 meV corresponds to a resolving power of better than 11.000, while ~20.000 is expected from the design.
Investigating the dependence of the resolution properties on the distance of the YAG crystal from the grating allows us to suggest that the deterioration of the resolution is connected to the longitudinal properties of the source. First, the waist of the longitudinal resolution dependence corresponding to the focal plane differs for different lasing conditions, and for the case presented in Fig. 1b it is located about 30 mm upstream the nominal position. According to ray-tracing simulations using the Shadow code (12) , this situation corresponds to an effective source located 8 m upstream the undulator exit. Indeed, the saturation length of the SASE process is expected to become smaller for longer wavelengths (for the presented case no care was taken to move the saturation point of the FEL to the undulator exit). Second, the measured longitudinal dependence is more shallow than predicted by ray-tracing for a source of no depth. Such behaviour can be explained by a linear combination of two effective sources located at the end and deep in the undulator, as expected since for a SASE FEL the process of field growth does not stop at the saturation point due to the spectral broadening (8) . In other words, the over-saturation is not an optimal mode of SASE FEL operation for experiments demanding high resolution since the source properties can degrade the resolving power of the monochromator. In order to provide high resolution capabilities along with high efficiency over the full range of the FLASH fundamental, a new dedicated grating has been designed. A groove density of 600 l/mm is optimal to fit the 30 -250 eV working range with cff set to 3; the choice of these parameters allows a resolving power above 20.000 over the whole photon energy range of the FLASH fundamental. The optimization of the laminar groove profiles (optimum depth of grooves: 30 nm, valley to spacing ratio: 0.65) for a C-coated 600 l/mm grating results in efficiencies presented in Fig.2c, so that a substantial increase of efficiency for the high resolution mode is expected.
Controlling temporal-spectral properties
Gratings are known to stretch ultrafast pulses. An estimation of pulse stretching induced by the gratings has been done based on geometrical optics considerations.
The path length difference in the dispersion direction causes the pulse stretching: The calculated stretching of FLASH pulses for the 200 l/mm and the 1200 l/mm gratings, as well as for the planned 600 l/mm grating is shown in Fig. 3a .
Typically the high resolution mode (i.e. high cff, high groove density) produces stretching to picoseconds, and stretching is more pronounced at low photon energies.
On the other hand, the moderate resolution mode (i.e. low cff value, low groove density) allows to keep the pulse duration within hundreds of femtoseconds and below. Thus, the moderate resolution mode is of interest for techniques like trARPES (time-resolved angle-resolved photoemission spectroscopy) demanding a compromise between temporal and spectral resolution. In addition to changing monochromator settings one can confine the number of illuminated grooves by closing an aperture located in front of the monochromator. Diminishing the pulse elongation costs flux in this case; besides, this possibility is limited by diffraction effects and is currently under investigation.
Monochromator as a filter for high FEL harmonics
Radiation of a SASE FEL in the saturation regime contains higher frequency harmonics. A contribution of third and fifth harmonics to the total output energy of 0.6% and 0.03%, respectively, has been reported for the FLASH high performance operation at 13.7 nm wavelength (1). The high harmonics radiation can be harmful for certain experiments or may be used for other experiments. The high harmonics grating with cff set to 1.1 -1.3 is used for high harmonics filtering. These settings result in a grating efficiency of 15% deep in the water window, but the corresponding total PG2 beamline transmission is only 2% (Fig.4a) . The limitations are coming from the fact that all optical elements in the beamline are coated with diamond-like amorphous carbon (16, 17) . This coating ensures high damage resistance and excellent beamline transmission below 250 eV (the design was made for the 20 -200 eV working range expected for the FLASH fundamental harmonic) but restricts the higher photon energy range to below 900 eV and allows only moderate transmission above the C K-edge. In addition the 200 l/mm grating has not been optimized for the high energy range and its efficiency above 550 eV is below 2%.
In order to increase the capabilities of the beamline, a dedicated grating to be used as a filter for high harmonics has been designed. The minimal grove density available on the market, 80 l/mm, has been chosen. Such a groove density allows low cff values of 1.1 -1.2 to be used in the range of 300 -900 eV preserving the pulse length within tens of femtoseconds (Fig. 3b) . For the beamline geometry optimized for high resolution mode, even lowest cff values close to 1 result in glancing angles on the grating above 3°. For such glancing angles high reflectivity in the range 300 -900 eV can be achieved by using high Z element coatings, therefore platinum has been chosen for this grating. On the other hand, high Z element coatings are expected to be less damage resistant than coatings of low Z elements. To avoid damage, the grating is to be used in combination with gas or foils attenuating the high power of the 
Conclusions
The monochromator beamline at FLASH allows high flexibility in operational modes from ultimately high resolution to ultimately high throughput depending on applications. The high level performance is confirmed, a resolving power better than 10 .000 has been measured. On the other hand, the SASE FEL source properties can affect the beamline performance. Another particularity of the FEL compared to a synchrotron source is the femtosecond time structure; the grating effect on the pulse duration has to be taken into account. To increase the capabilities of the beamline, two new gratings, a high resolution grating for the FLASH fundamental range and a grating-filter for high harmonics, have been designed and are planned to be installed. 
